Introduction
Though sulphur has long been recognized as an essential element in plants, particularly as a constituent of the proteins, it has not received much consideration in fertilizer studies. As shown by the work of HART and PETERSON (3) , this was partly due to the older practice of determining sulphur in the ash of vegetation, which gave low results and did not indicate the true sulphur needs of the plants. In practical agriculture, sulphur deficiency has probably been uncommon, at least during the last century, because of important additions of the element from the atmosphere, and important, though unintentional, additions in commercial fertilizers.
Regions of sulphur deficiency, however, have been shown to exist in the Pacific Northwest (6) , in Western Canada, and in Northern Minnesota (2). The location of these regions where winds from industrial areas seldom blow, seems to emphasize the importance of atmospheric sulphur in supplying the needs of those regions in which there is industrial activity and favorable prevailing winds. ALWAY (1) has given an historical review of sulphur in agriculture in his presidential address to the American Society of Agronomy, in which this viewpoint was advanced and in which it was suggested that part of the sulphur requirements of plants might be supplied by direct absorption of sulphur dioxide into the leaves, as well as indirect absorption after the gas has been taken into the soil and changed to sulphate. SETTERSTROM, ZIMMERMAN, and CROCKER (8) have submitted evidence that sulphur dioxide can increase the growth rate of sulphur-deficient plants.
In this paper a study has been made, using the large sand-culture installation (9) , of the sulphur needs of alfalfa, and the possibility has been explored of substituting sulphur dioxide for sulphate as the source. The experiments were planned to determine the effect of sublethal concentrations of sulphur dioxide on the growth of alfalfa under a wide range of conditions-such as different hydrogen ion concentrations and different concentrations of the principal nutrient elements. In particular, the effects of sulphur. dioxide on sulphur-deficient vegetation were sought.
Methods

EXPERIMENTS
Twelve plots of alfalfa were studied in 1939. Seedling plants were grown in the greenhouse in complete nutrient solutions in silica sand in deep narrow wooden boxes 4" x 30" by 18" deep. Seed of Turkestan alfalfa, derived from a single plant selection, and furnished by the Utah Experiment Station, was planted in February. The plants were topped in April and prepared for transplanting by removing one side and the bottom of each box and washing away the sand with a spray of water. The seedlings were sorted and those of uniform size were distributed on trays so that all the plots received 25 plants which were as nearly the same size as possible. The average fresh weight of the seedlings was about 5 grams per plant; dry weight about 0.7 grams per plant. The transplanting was completed by inserting an 18" metal planting tool enclosing the seedlings into the moist sand. The tool was then separated into two parts and removed, leaving the seedling in place. These transplanting operations were carried out with negligible injury to the plants.
All the plots were supplied with a base nutrient solution of the approximate composition already indicated (9) . Six of the plots were maintained at a pH of about 5.5 and the other six at about pH 7 .0. Four plots had no sulphur added intentionally to the nutrient solution; four had sulphate equivalent to 5 p.p.m. of sulphur; and four 90 p.p.m. of sulphur. Thus there were six pairs of plots with low and high pH and with low, medium, and high sulphate in the nutrient solution. One plot of each pair was fumigated with sulphur dioxide at a concentration of about 0.1 p.p.m. for 6 to 7 hours each day (usually from 9 A.M. to 4 P.M.) and six days each week throughout the growth period. The other plot of each pair was unfumigated. Four crops were grown during the season, and after cutting the fourth crop, the roots were also harvested. Growth of the alfalfa was vigorous. Four crops were harvested during each first year and five crops during the second year. The plant chambers were repeatedly filled with vegetation, as already illustrated (9) . Maximum yields were at the rate of 10 tons per acre of dry alfalfa in 1939, 6 .5 tons in 1940, and 15 tons in 1941. The sulphur dioxide fumigations did not cause any acute markings, but chlorotic markings usually developed on the older leaves to the extent of about 5 to 10 per cent. of the leaf area of the plot as described later. Table III gives the chlorophyll content of all the crops, determined on fresh leaves by the method of SCHERTZ (7) . These leaf samples were obtained by separating the leaves and stems of a large representative portion of the plots at harvest, as already described (11). The table confirms the visual observations, that the leaves of the sulphur-deficient plants were not as dark green in color as the plants supplied with adequate sulphur, either from the nutrient solution or from sulphur dioxide. The "low sulphur-high nutrient" check plot particularly, had at all times a distinctly yellow cast. An exception was the "high sulphur-low nutrient" fumigated plot, which became chlorotic on the last three crops in 1941, due possibly to the development of root disease.
Considerable difficulty was experienced after the first crop in 1939 due to aphis, which were sufficiently niumerous in a few cases to reduce somewhat the yield of the crops. Thrips also were present. In 1940-1941 aphis were completely eliminated by the nicotine sprays used to control the more 1939 data indicate a somewhat better growth of alfalfa at pH 5.5 than at pH 7, at the "low" and."medium" sulphur levels. At the "high sulphur level" the pH effect seemed to disappear. for which no explanation is apparent. Two of the medium sulphur fumigated crops gave lower yields than the checks due to heavy infestations of aphis.
The 1940-1941 yield data (table V, fig. 2 ) indicate a sulphur deficiency in the low sulphur and medium-low sulphur groups of plots. In nearly all of these crops, the check yields were lower than the corresponding yields with medium sulphur and high sulphur and further, the fumigated plots almost invariably gave higher yields than the corresponding checks. The exception was the low nutrient, low sulphur check plot which on the fourth and fifth crops in 1941 not only gave larger yields than its fumigated mate, but also exceeded the yields of the medium-low sulphur plots and even equalled the yields of the medium sulphur and high sulphur plots. Analytical data to follow, indicate that these two crops received a nearly adequate supply of sulphur from some source other than the nutrient solution, possibly from the tar-covered walls of the sand bed, or from the sand itself.
A careful examination of this container did not reveal any breaks in the tar lining or any other unusual appearance. It is difficult to understand how there could have been a sudden increase in the sulphur supply from the sand. No leaks were found in the system and the nutrient solutions did not show an appreciable increase in sulphate content.
In 1940-1941, as in 1939, the fumigated low sulphur and medium-low sulphur plots gave yields that were intermediate between the corresponding check yields and the largest yields obtained with adequate sulphur in the nutrient solution. This suggests that sulphur dioxide, supplied to the leaves for sulphur nutrition, is not as efficient as sulphate supplied to the roots. Presumably, this is due in part to the fact that sulphur dioxide, after absorption and oxidation to sulphate in the leaves, tends to remain in the leaves and is only slowly translocated to other parts of the plant.
The attempt was made in 1940-1941 to prevent the absorption by the sand of sulphur dioxide which would subsequently be oxidized to sulphate and absorbed by the roots. For this purpose, a stream of air (0.4 cubic ft. per minute) was forced upward through the sand throughout the fumi- The yield data suggest that the low sulphur and medium-low sulphur plots were much less deficient in sulphur in 1941 than in 1939 or 1940. In fact the yield of the large first crop in 1941 was nearly independent of the nominal sulphur supply. This was probably due to the long period during the winter when the plants could accumulate an appreciable amount of sulphur by slow absorption from the walls or elsewhere and also to the large root system in 1941. Further, it was impossible to operate the air-washing system during the cold weather, and some sulphur was doubtless derived from the atmosphere at this tinme.
It will be noted that the weights of the different root svstems did not parallel the variations in weight of the tops. In 1939 the medium sulphur check plots had slightly larger roots than the others; but the low sulphur roots were a little larger than the high sulphur roots. In all cases in 1939, except the low pH-high sulphur pair, the check roots were as large as or larger than the corresponding fumigated roots. However, the roots plus crowns were heavier in the check plots in only three of the 6 pairs. In 1941, the check roots and also roots plus crowns, exceeded the corresponding fumigated values in 7 out of 8 cases.
The ratios of yields of corresponding fumigated and check plots are summarized for aJl 3 years in table VI, and the yearly yields are shown graphically in figure 3 . There was an increase in yield due to fumigation with sulphur dioxide in the low sulphur plots of 48 per cent. and 51 per cent. in 1939, and of 65 per cent. and 84 per cent. in 1940. The increase in the medium-low sulphur plots in 1940 was 25 per cent. and 47 per cent. The corresponding increases in 1941 were only 3 per cent. to 19 per cent., though as indicated in table VI, the 3 per cent. value was low due to the fact that the check plot of the pair which gave this result was somehow supplied with an adequate amount of sulphur on the fourth and fifth crops, as shown by analysis. Statistically, all of these increases in yield are highly significant.
The medium sulphur and high sulphur plots had ratios fairly close to unity. The 1939 fumigated plots tended to give a little larger yield than their checks, while the corresponding 1940 and 1941 fumigated plots gave somewhat smaller yields. In order to evaluate the statistical significance of these ratios, it is desirable to group together all the high nutrient plots which had an adequate supply of sulphur. These include the 1939 plots, and there is no apparent reason to make a distinction between those with low or high pH. The average of 8 ratios for the crops-4 in 1939, 2 in 1940, and 2 in 1941-is 1.00 with a standard deviation of 0.06. The average of 6 ratios of the roots-4 in 1939 and 2 in 1941-is 0.95 ± 0.11. These values are not significantly different from unity by the test of FISHER'S t.
Finally, the average of 6 ratios of total yield, including roots-4 for 1939 and 2 for 1941-is 1.00 + 0.05. If the individual pairs of crop yields of this group are subjected to the analysis of variance, no significant effect oln yield due to fumigation is indicated.
It may, therefore, be concluded from these experiments that the yield of alfalfa growing in a sulphur-deficient medium will be increased by sulphur dioxide fumigations which do not cause appreciable leaf injurv, but not increased to the level of non-deficient plants. On the other hand, such fumigations will have no measurable effect at all if the roots are adequatelv supplied with sulphur and the general nutritional level is adequate. This latter observation is in accord with the results of experiments with alfalfa grown in soil, previously published (11), and also with similar experiments by KATZ and LEDINGHAM (5) . SETTERSTROM, ZIMMERMAN, and CROCKER (8) arrived at similar conclusions, using different nutrient solutions, which supplied both full nutrient and deficient nutrient.
The low nutrient plots in 1940-1941 present a somewhat confused picture. On the one hand, considering the sulphur-deficient plots, the increment of growth of the two fumigated plots with low nutrient was as great as, or even greater than, the increment of the other two fumigated plots with high nutrient. On the other hand, the two low nutrient fumigated plots with adequate sulphate, showed a decreased yield of 7 and 13 per cent. as compared with their checks. Considering the variability of the ratios already discussed, the 7 per cent. reduction in yield may not be significant, and the 13 per cent. reduction occurred on a plot which had some root disease. The yields of these two fumigated plots were similarly low on the second crop in 1940 when the nutrient level was high suggesting that they were inherently poorer plots than their checks. No conclusion can safely be drawn from these limited data concerning the effect of these fumigation treatments on the yield.
It should be noted, however, that the fumigations were not without effect on the leaves. Due to the long continued absorption of sulphur dioxide, which accumulated in the leaves as sulphate, the older leaves became chlorotic and some were eventually shed. The first two crops in 1940
showed this effect to a negligible extent. Subsequent crops showed it appreciably, particularly those that grew slowly at the end of the season. On the medium sulphur-low nutrient fumigated plot, the average shedding of leaves for 7 crops after the second crop in 1940 was 5 per cent: and the average extent of advanced chlorotic markings at harvest was also 5 net assimilation based on carbon dioxide exchange should parallel the yield data, particularly the total yield, including the roots. Table VII gives the net assimilation of four fumigated plots divided in each case by the net assimilation of the corresponding check plots. Similar ratios for the yields are also given. Two pairs of plots were high sulphur; the other two low sulphur. In the high nutrient-high sulphur pair of plots the ratios of the net assimilation for the crops were generallv larger than the ratios of the crop yields. This was probably due to the fact that the fumigated roots were somewhat larger than the check roots, and therefore a larger proportion of assimilated material went into the fumigated roots, as compared with the tops, thus reducing the ratio of the top weights. The reverse was true of both the low sulphur pairs, particularlv in 1940, when there was a large difference between the ratios of net assimilation and crop yield, indicating that the check roots were receiving a larger proportion of the assimilated material as compared with the tops, than was the case with the fumigated plots. In 1941 these differences were hardly apparent. The low-nutrient-high sulphur pair showed only small differences throughout. The final comparisons between assimilation and total yield, including roots, were very close in all four pairs of plots.
WATER REQUIREMENTS
The amount of water used in these experiments was determined for each plot by frequent readings of the gauges on the supply tanks and by careful attention to the distilled water and solution volumes added and sample volumes taken. The water loss was largely transpiration, but there was a measurable amount of evaporation from the surface of the sand, as indicated by the losses which occurred when the amount of vegetation was small. That these losses were not large was due in part to the low water-holding capacity of the sand and in part to the sheet-aluminum cover between the rows of plants. The gauge readings showed that during the first few days of each crop, when transpiration was probably negligible, the plots lost about 1.5 to 4 kilograms of water per day. It is estimated, therefore, that the total water loss from the surface of the sand did not exceed 800 kilograms during each season, and possibly was not more than about 600 kilograms.
The transpiration data are summarized in table VIII, as kilograms of water evaporated per plot. In addition, the amount of water evaporated per unit of dry matter produced is included. The latter values are calcuIated in two ways: first, from the water losses as measured, and then from these losses less 800 kilograms, to give a minimum value for true transpiration per unit dry matter.
Except for the low sulphur plots, which transpired considerably less water per plot than the others, there was a rather narrow range in the amount of transpiration in each group of plots. Transpiration was not affected by the pH range employed, but it was lowered by lowering the nutrient concentration, except in the low sulphur plots, in which it was independent of the nutrient concentration. It is unlikely that any of the differences in transpiration per plot between check and fumigated pairs are large enough to be significant, except possibly in the low and medium-low sulphur pairs in 1939 and 1940. In the latter cases, the fumigated plots transpired only 5 to 13 per cent. more water than their checks; whereas they had 25 to 84 per ceilt. more top growth than the checks.
The amount of water transpired in producing unit weight of crops was much higher in the first year crops (1939 and 1940) Water transpired per unit of dry matter was appreciably higher at the low nutrient level than at the high, owing to the smaller crops on the former plots. Particularly large amounts of water were used by most of the check plots at low and medium-low sulphur levels, as compared with the fumigated plots. With medium and high sulphur there was no appreciable fumigation effect.
When allowance was made for the evaporation of water from the surface of the sand, the foregoing relationships were not materially changed though some of the differences between the high and low nutrient levels disappeared, and the comparable high nutrient 1939 and 1940-1941 
THE SULPHUR BALANCE SHEET
In order to establish definitely the minimum sulphate concentrations in the nutrient solution necessary for adequate sulphur nutrition and also to determine the amount of sulphur dioxide absorbed in these experiments, it is desirable to make a comparison of the sulphur removed from the nutrient solutions with the amount found in the crops. This comparison should also furnish a criterion for evaluating the operation of the sand culture equipment.
The vegetation has been analyzed for sulphur by the Parr bomb. This simple method gives excellent results if the samples are allowed to stand for at least 6 days after precipitation before filtration. Tables IX and X summarize the total sulphur values for all the crops, including the roots. Figures 3 and 4 give the sulphur content of the leaves of all the crops. The data show an increasing amount of sulphur in the crops with increasing sulphur in the nutrient solutions. The data also indicate an increase due to fumigation with sulphur dioxide. Absorption of sulphur was apparently not influenced by the range of pH employed (table IX) . There was a higher concentration of sulphur in the plant tissue at the low nutrient than at the high nutrient level (table X), and particularly in the leaves, as shown in figure 5 . This difference was not caused by a difference in rate of absorption of sulphate but rather was due to the fact that the low nutrient plants were smaller than the comparable high nutrient plants. The high sulphur content of the hair roots is noteworthy. These values were about equal to the sulphur content of the leaves. In a majority of cases the check leaves had less sulphur than the hair roots, though the reverse was nearly always true of the fumigated leaves. The hair roots of the fumigated plants generally had more sulphur than those of the check plants. An important exception was the low sulphur-low nutrient pair, in which the high sulphur content of the hair roots of the check plot was associated with improved growth of the fourth and fifth crops as pointed out earlier. with plate glass, mounted in the tar. Only a few narrow seams of tar were left exposed, thus reducing the uncovered tar surface to a negligible area.
In spite-of this extraneous source of sulphur, the balance sheet gives an excellent picture of the sulphur exchange. In every case the fumigated plots showed less absorption from the nutrient solution than the corresponding check plots. Evidently the additional supply through the leaves reduced the intake through the roots. The table gives an estimate of the amount of sulphur absorbed as sulphur dioxide on the assumption that the "unaccounted for" sulphur was the same in each fumigated plot as in its check. The amount of sulphur thus ascribed to sulphur dioxide was approximately the same in the different plots of each group, as would be expected from the fact that the fumigations were applied uniformly to all the treated plots. The "unaccounted for" sulphur was somewhat smaller in the high sulphur plots than with the other treatments, suggesting that this supply was not drawn on so heavily when there was adequate sulphate in solution.
Consideration of the values of the "unaccounted for" sulphur indicates that the low-sulphur check plots of [1940] [1941] 2. The leaves of the sulphur-deficient plants were definitely chlorotic. 3 . Yield of the sulphur-deficient plots was appreciably less than the yield of the plots with adequate sulphur. 4 . Yield of the sulphur-deficient plots was improved by fumigation with sulphur dioxide. This source of sulphur was less efficient than sulphate for purposes of nutrition, at the concentrations applied.
5. Yield of the fumigated plots which had adequate amounts of sulphate in the nutrient solution was statistically the same as the yield of the unfumigated checks.
6. The root systems of the plots did not vary as greatly in weight as did the crops. In 1941, the check roots were heavier than the corresponding fumigated roots in seven out of eight pairs. 7 . Net assimilation data from carbon dioxide exchange measurements confirmed the yield data.
8. Transpiration values, calculated from the water losses from the supply tanks, fell within a rather narrow range in each experiment, except that the low sulphur plots gave appreciably lower results. There was no discernible effect due to fumigation in the plots with adequate sulphur. In 1939 and 1940 the low and medium-low fumigated plots transpired only 5 to 12 per cent. more water than their checks, though they had 25 to 84 per cent. more top growth. 9 . The water transpired per unit of top growth was greater in first year 1939 and 1940 crops than in the second year 1941 crops, but the amount per unit of total growth including roots was about the same in all three years. Transpiration per unit of top growth was particularly high in the sulphurdeficient check plots. The sulphur dioxide fumigations had no appreciable effect on transpiration in the plots adequately supplied with sulphate sulphur. Summer crops transpired much more water than the spring and autumn crops. These relationships were not greatly changed when the transpiration values per unit of dry matter were corrected for water evaporated from the surface of the sand.
10. Sulphur analyses of the vegetation showed that absorption of this element was increased by increasing the sulphate concentration of the nu-trient solution or by sulphur dioxide fumigation. Absorption was not influenced by the range of pH considered. Nearly the same amount of absorption of sulphur occurred in comparable plots at the low and high nutrient levels, but owing to slower growth of the low nutrient plants, the sulphur concentrations in them were greater than in the high nutrient plants.
11. The sulphur balance sheet indicated that the plants received some sulphur from a source other than the nutrient solution. The amount of the unaccounted-for sulphur was least in the high sulphur plots.
12. The fumigated plants absorbed less sulphur from the nutrient solution than did the check plants.
13. With less than 1 p.p.m. sulphate sulphur in the nutrient solution there was definite evidence of sulphur deficiency in the plants. Taking the "unaccounted for" sulphur into consideration, it appeared that deficiency symptoms could be expected under the conditions of these experiments with less than about 1.5 to 2.0 p.p.m. sulphate sulphur, if the nutrient solution were the only source of the sulphur.
